Abstract-Angiotensin
I
n mammals, there are 2 isoforms of angiotensin (Ang) I-converting enzyme (ACE; peptidyl dipeptidase A, kininase II, EC 3.4.15.1) encoded by a single gene, somatic ACE, which is abundant on the surface of lung endothelial cells, and testicular ACE. The extracellular portion of testicular ACE has only 1 active site, whereas somatic ACE has 2 active sites (N and C domains), each of them containing the amino acid sequence His-Glu-Met-Gly-His that is crucial for Zn 2ϩ binding. 1 Both ACE isoforms (somatic and testicular) can be found as soluble enzymes in plasma and seminal fluid, respectively, and are generated by enzymatic cleavage of the C-terminal tail containing the transmembrane domain. 2 Inhibition of ACE is expected to prevent the formation of Ang II and to potentiate the hypotensive response to bradykinin (BK), which would lead to the lowering of blood pressure. Consequently, the inhibition of ACE has been found to be an effective tool in the treatment of several cardiovascular diseases. 3 Recently, Kohlstedt et al 4 have demonstrated that human ACE also functions as a signal transduction molecule and that the binding of ACE substrates or inhibitors to the enzyme initiates a series of events, including the phosphorylation of its Ser 1270 residue and the activation of ACE-associated jun kinase. 5 This signaling cascade occurs independently of the generation of Ang II, and it is not yet clear how the binding of an ACE inhibitor is able to initiate this process.
In this work we describe for the first time that the peptide Ang II can also interact with ACE in Chinese hamster ovary and melanoma cells, evoking calcium signaling and promoting an increase of reactive oxygen species (ROS) by ACE activation.
Methods

Materials
If not otherwise indicated, all of the reagents were purchased from Sigma, and cell culture media and supplements were purchased from Gibco-BRL.
Cell Culture
Chinese hamster ovary (CHO) cells were cultured in DMEM supplemented with 10% FBS. Murine melan-a (melanocytes) and melanoma cells, Tm5, 6 were cultured in RPMI 1640 medium supplemented with 10% FBS. All of the cells were incubated at 37°C in a humidified atmosphere of 95% O 2 and 5% CO 2 . Medium was changed every 3 to 4 days, and cells were subcultured between days 6 and 8 by harvesting with trypsin-EDTA. Semiconfluent (80% to 90%) cells were used in all of the studies.
Expression of Somatic ACE in Transfected CHO Cells
Cells were transfected using LipofectAMINE 2000 (Invitrogen) with a plasmid carrying either the somatic form (CHO-ACE cells) of the human ACE coding region (the 2 last were kindly supplied by Dr François Alhenc-Gelas from the Institut National de la Santé et de la Recherche Médicale, Paris, France) or with the Ang II receptor type 1 (positive control, CHO-Ang II type 1 [AT 1 ] cells) or with empty pcDNA3 plasmid (negative control, CHO-mock cells). Neomycin resistance was used to derive select permanently transfected cells. Individual clones of CHO were selected with 500 g/mL of neomycin.
Flow Cytometry Analysis of AT 1 Receptor Protein in Transfected CHO Cells
To determine the expression of AT 1 receptors, 10 6 transfected cells were fixed by 2% formaldehyde for 30 minutes and treated for 15 minutes with 0.01% saponin for permeabilization. The cells were incubated for 2 hours with 6 g/mL of rabbit anti-AT 1 antibodies (Santa Cruz Biotechnology) in 1% BSA dissolved in PBS. After addition of the first label, the cells were incubated for 40 minutes with 4 g/mL of Alexa Fluor 488-conjugated goat antirabbit IgG antibody. Ten thousand events were collected on a cytometer (FACSCalibur, Becton Dickinson). Data analysis was performed in a computer by using specific software (CellQuest, Becton Dickinson). 
Measurement of ACE Activity Using the Fluorescent Peptide Abz-FRK(Dnp)P-OH
ACE activity measurements in all of the transfected and nontransfected cells were performed according to Sabatini et al, 7 using the FRET peptide Abz-FRK(Dnp)P-OH as substrate. 8 Regarding to the procedure, please see the online Data Supplement at http://hyper.ahajournals.org.
Qualitative RT-PCR Analysis of AT 1 and AT 2 Receptors and ACE mRNA
For semiquantitative RT-PCR, total RNA was isolated from cell cultures using TRIzol Reagent (Invitrogen) and transcribed into cDNA by using the Reverse Transcription System from Promega. For RT-PCR total RNA was used. For more information on the procedure and primers sequences used, please see the online Data Supplement.
Measurements of Ca 2؉ Mobilization in Cells
For [Ca 2ϩ ] i measurements in monolayers, the cells were incubated for 40 minutes at room temperature with fluo-4/AM (5 mol/L; Molecular Probe). For information the procedures used, please see the online Data Supplement.
Binding Assays
The different cell types expressing ACE were transferred to 6-well culture plates 24 hours before the binding assays at 6ϫ10 5 
Measurement of Superoxide Anion by Flow Cytometry
Relative concentrations of intracellular superoxide anion (O 2 ⅐ Ϫ ) were determined as described previously. 10 Melan-a and Tm5 cells line seeded in 6-well plates (10 6 cells) were incubated with 1 mol/L of losartan or 1 mol/L of lisinopril for 30 minutes, followed by treatment with Ang II (1 mol/L) for 3 hours in serum-free medium. After treatment, cells were assayed for superoxide anion detection using dihydroethidium (Molecular Probes, Carlsbad, CA). Briefly, cells were incubated in PBS for 30 minutes at 37°C and maintained in PBS containing 25 ng/mL of dihydroethidium at 37°C for an additional 30 minutes. After washing, cells were resuspended in PBS and analyzed (10 000 events per sample) by flow cytometry (FACScalibur, Becton Dickinson, San Juan, CA) with a 585/42 bandpass emission filter. 
Inositol Triphosphate Formation Assay
Regarding protocols for measurement of inositol triphosphate (IP 3 ) generation in CHO transfected cells, please see the online Data Supplement. Figure S1A ) and confirmed by earlier data. 11, 12 After the stable transfection of these cells with an empty plasmid (CHO-mock) and a plasmid containing a DNA cassette for somatic human ACE expression (CHO-ACE), specific ACE activity could be measured in CHO-ACE cells but not in the CHO-mock cells ( Figure S1B ). To exclude any possible involvement of the AT 1 receptor in this effect, we confirmed its absence in CHO-ACE cells by flow cytometry using specific AT 1 antibodies ( Figure S1C ).
Statistical Analysis
Confocal microscopy analyses showed that Ang I (1 mol/L) and Ang II (1 mol/L) were able to evoke a Ca 2ϩ influx in CHO-ACE cells but not in the mock-transfected cells ( Figure 1A ). The response produced by both Ang I ( Figure 1B ) and Ang II ( Figure 1C ) in CHO-ACE could be blocked by lisinopril.
Ang II Signaling Mechanism in ACE Transfected in CHO Cells
Interestingly, calcium influx was also observed when CHO-ACE cells were stimulated with isoleucyl 5 -angiotensinamide (DRVYIHPF-NH 2 ), which has a pressor and contraction activity 13 (data not shown), but not with other ACE substrates, namely, BK, BK1-5, N-acetyl-seryl-aspartyl-lysylproline, or Ang 1-7 ( Figure 2A ). We confirmed earlier data showing that the Ang II analog, TOAC 3 -Ang II, is not able to bind or activate AT 1 receptors 11,14 by using CHO-AT 1 cells ( Figure 2B ). In contrast to that, our results revealed that TOAC 3 -Ang II could stimulate CHO-ACE cells and increase intracellular Ca 2ϩ ( Figure 2B ). Quantitative analysis demonstrated that 2-aminobiphenyl (2-APB; an IP 3 receptor antagonist) and nifedipine (a voltagedependent Ca 2ϩ channel blocker) could partially block the activation promoted by Ang I and Ang II ( Figure 3A) . Ca 2ϩ is probably released in part from intracellular storage but also by entering the cell from the extracellular medium. In agreement with the 2-APB data, Ang II could also evoke an increase in IP 3 dose dependently in the CHO-ACE cells with high potency (EC 50 ϭ4.5 nmol/L), an effect that could again be blocked by lisinopril and losartan ( Figure 3B ).
ACE Signaling in Tm5 Cells
Next, we analyzed the signaling properties of Ang II in the ACE-expressing murine melanoma cell line, Tm5, compared with the parental cell line, melan-a, which does not express ACE ( Figure 4A and 4B) . Both cell types do not express AT 1 and Ang II type 2 (AT 2 ) receptors ( Figure 4A ). Our results show that, when Tm5 and melan-a cells were stimulated with Ang II, intracellular Ca 2ϩ influx was observed only in Tm5 ( Figure 4C ). In addition, Ang II stimulation did not change proliferation (data not shown) but significantly increased the production of ROS by these cells. Again, these effects could be blocked by lisinopril and losartan ( Figure 4D ).
Domain Specificity of Ang II Activation of ACE in CHO Cells
To determine which ACE domain was involved in Ang II binding and Ca 2ϩ release, we stimulated CHO cells expressing independently each of the 2 active domains (CHO-Nterminal ACE or CHO-C-terminal ACE) with Ang II. Figure 5 shows that Ang II was able to increase intracellular Ca 2ϩ concentration in cells expressing only 1 ACE domain. However, a partial effect for Ang II was observed in the cells expressing only 1 of the 2 domains as compared with the effect produced in CHO cells expressing the full-length ACE ( Figure 5 ).
Ang II Binding to ACE in CHO and Tm5 Cells
To further confirm our data showing that Ang II was able to activate ACE, we performed competitive binding assays using radiolabeled Ang II ( 3 H-Ang II and 125 I-Ang II), Ang II, lisinopril, and losartan as competitors. Our results using 
CHO-ACE and Tm5 cells show that
3 H-Ang II and 125 I-Ang II are able to bind to ACE and that Ang II, lisinopril, and losartan can displace both 3 H-Ang II (Table) or 125 I-Ang II (data not shown) with high affinity.
Discussion
When ACE was first described in the 1950s, the initial feature of this enzyme was its capacity to convert Ang I into Ang II. Later it was also demonstrated to possess kininase activity, degrading BK into inactive fragments. Now it is known that, in addition to these molecules, ACE is capable of metabolizing many other substrates, like Ang 1-7, Ac-SDKP, substance P, cholecystokinin, hemopressin, and amyloid ␤-protein. In addition, ACE was reported recently to exhibit a glycosylphosphatidylinositol hydrolase activity and to play a key role in the cleavage of glycosylphosphatidylinositol-anchored proteins, such as TESP5 and PH-20 from the sperm membrane. 15 Based on this lack of substrate specificity, it is assumed that ACE can interfere in different systems and produce a wide range of biological actions, such as cardiovascular regulation, inflammation, pain, glucose homeostasis, and angiogenesis, among others.
More recently, a new face of ACE was unveiled, its capacity to function as an outside-inside signaling molecule. This extracellular-induced signal transduction is triggered by the binding of ACE inhibitors to the enzyme, and the mechanism involves an initial phosphorylation of c-Jun, resulting in changes of expression levels and in an increase of cyclooxygenase-2 activity. 5, 16 Interestingly, neither Ang I nor its product, Ang II, was shown to be able to elicit this signaling pathway. 17 Recently, Sun et al 18 showed that Ang II could induce a c-Jun N-terminal kinase activation via murine ACEtransfected cells and also bind to ACE. In this study, we describe for the first time that Ang II is also capable of triggering a calcium signaling pathway, different from that described by Fleming and others. 5, 16, 17 Our data show that Ang II binds to ACE with high affinity in CHO cells and subsequently initiates calcium signaling, releasing the important signaling molecule IP 3 . Ca 2ϩ is a secondary messenger that regulates a wide range of activities in every cell type.
We evaluated the effect of Ang II stimulation in an artificial system (CHO), which does not express ACE constitutively, 19, 20 transfected with a plasmid containing the sequence of the human somatic enzyme and in Tm5 cells, which express ACE endogenously, but not the AT 1 and AT 2 receptors. We checked Ang receptor expression by different methods (PCR and flow cytometry) and could not detect their presence in CHO nontransfected and mock-transfected cells. However, we know that lack of AT 1 receptor immunoreactivity in the flow-cytometry studies does not totally exclude the possibility of the presence of a small number of receptors, which could be responsible for the effect observed in these cells. Therefore, we used other methods to prove the absence of the AT 1 receptor in our cell models. Our data in RT-PCR also did not detect the presence of an AT 1 receptor in these cell models. In addition, we were also able to discriminate differences between ligand specificities for ACE or AT 1 by using the TOAC 3 -Ang II derivative, where TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid) is a spin-labeled amino acid that was internally coupled to Ang II. 21 TOAC 3 -Ang II, which is not able to bind or activate AT 1 receptors, 11, 14 could stimulate CHO-ACE cells, increasing intracellular Ca 2ϩ , again suggesting a specific calcium signaling by ACE. In addition, we could demonstrate that the effect was specific for Ang II, because other peptides related to ACE metabolism, such as BK, BK1-5, Ac-SDKP, and Ang 1-7, were inactive.
It has been demonstrated that the signal transduction pathway for the activation of ACE by its inhibitors is composed of Ն2 steps, the casein kinase II-derived initial Ser 1270 phosphorylation in the cytosolic tail and the c-Jun N-terminal kinase-dependent c-Jun translocation. 5, 16, 17 In contrast, our data show that Ang II triggers IP 3 signaling and calcium mobilization. The activation of the c-Jun N-terminal kinase in CHO cells was shown to be promoted not only exclusively by the active C-domain of human ACE 17 but also by the N-domain in murine ACE. 18 We could show that the calcium signaling promoted by Ang II in these cells is produced to a similar extent by both domains of human ACE, and the interaction of these compounds with a single catalytic domain is obviously sufficient to induce the signaling effect.
Moreover, we could demonstrate that these effects are additive, different from the results shown by Sun et al, 18 who 22, 23 Ang II may also be equally effective at both sites. However, the capacity of binding to the enzyme is not the sole property of a molecule influencing its ability to activate ACE. Supporting this assumption is the fact that N-acetyl-seryl-aspartyl-lysyl-proline, despite binding to both domains of ACE, 24 was not able to elicit Ca 2ϩ signaling. Similarly, the selective ACE inhibitor lisinopril 25,26 also cannot directly induce Ca 2ϩ signaling via ACE, but it effectively blocks the signaling triggered by Ang II. Lisinopril is known to bind to the catalytic sites of ACE, competing with Ang I, and, therefore, we believe that it blocks ACE signaling by directly competing with Ang II binding.
Concerning to losartan, at the present moment any mechanism proposals for its actions on ACE signaling properties are only speculative. Nevertheless, we may raise a few insights on that. Both lisinopril and losartan are small molecules, with molecular weights of 405 and 423 nm, respectively, and structures that include alternated aromatic and charged moieties. Therefore, we may speculate that ACE and the AT 1 receptor, being proteins that share common ligands, may also bear some local structural features that, although distinct, may allow the recognition of ligands that bind to one or to the other. As mentioned here, these insights are only speculative, and, therefore, further studies shall be performed to address the detailed mechanism actions of losartan when blocking ACE signaling.
Taking into account that Ca 2ϩ signaling is involved in a range of intracellular events, including activation of key enzymes, modulation of gene expression, 27 DNA replication, apoptosis, 28 protein transport, and transcription, 29, 30 ACE activation by Ang II might be another important mechanism to control cell homeostasis. For example, Ang II stimulation in Tm5 cells significantly increased the production of ROS by these cells. The signal transduction pathway by which Ang II stimulates O 2 ⅐ Ϫ formation is not fully understood. We could observe from our results that Tm5 cells express ACE but not AT 1 or AT 2 receptors, and when these cells are stimulated with Ang II, calcium is released and O 2 ⅐ Ϫ is formed, which are inhibited in the presence of losartan and lisinopril. Both protein kinase C and Ca 2ϩ have been found to activate NADPH oxidase and increase O 2 ⅐ Ϫ formation. The NADPH oxidase is the enzymatic complex responsible for the generation of O 2 ⅐ Ϫ during the respiratory burst. 31 In human umbilical vein endothelial cells, incubation with Ang II increased NADPH oxidase activity in the membrane fraction, and the Ang II-induced O 2 ⅐ Ϫ production was inhibited by pretreatment of cells with the losartan in a dose-dependent manner. 32 In the present study, we propose an increase in ROS formation mediated by ACE in Tm5 cells. The significant increase of ROS production mediated by ACE could amplify the apoptosis cascades.
In conclusion, we describe for the first time that Ang II can bind to ACE and evoke Ca 2ϩ signaling. This occurs by generation of IP 3 in different cell types, which were transfected with a plasmid containing the somatic, the N domain, or the C domain of ACE. ACE inhibitors and AT 1 blockers exert beneficial effects on endothelial function and vascular remodeling 33, 34 and protect against the progression of atherosclerosis and the occurrence of cardiovascular events in humans. 35 Although these effects are generally attributed to a decrease in the ACE-mediated generation of Ang II and the accumulation of BK, 36 the number of effects associated with this class of compounds might not only be ascribed to the inhibition of the enzyme. Considering our findings that lisinopril and AT 1 antagonist block the ACE-mediated Ang II signaling effect, we can infer that these classes of drugs could exert their large panel of effects also by this action. This is a thoroughly new key to the understanding of the renin-Ang system.
Perspectives
Our data show that ACE is not only an enzyme generating Ang II but also a signaling receptor for this peptide. This assumption is supported by the findings using 2 different cell lines and different detection methods for intracellular signaling. Considering the importance of the regulation of the activity of this enzyme for the cardiovascular field, these findings are of importance for the basic understanding of the renin-Ang system and for the clinical efficacy of the 2 major classes of antihypertensives, ACE inhibitors and AT 1 antagonists.
